Abstract There is a growing appreciation for the role that acute kidney injury (AKI) plays in the propagation of critical illness. In children, AKI is not only an independent predictor of morbidity and mortality, but is also associated with especially negative outcomes when concurrent with acute lung injury (ALI). Experimental data provide evidence that kidney-lung crosstalk occurs and can be bidirectionally deleterious, although details of the precise molecular mechanisms involved in the AKI-ALI interaction remain incomplete. Clinically, ALI, and the subsequent clinical interventions used to stabilize gas exchange, carry consequences for the homeostasis of kidney function. Meanwhile, AKI negatively affects lung physiology significantly by altering the homeostasis of fluid balance, acid-base balance, and vascular tone. Experimental AKI research supports an "endocrine" role for the kidney, triggering a cascade of extra-renal inflammatory responses affecting lung homeostasis. In this review, we will discuss the pathophysiology of kidney-lung crosstalk, the multiple pathways by which AKI affects kidney-lung homeostasis, and discuss how these phenomena may be unique in critically ill children. Understanding how AKI may affect a "balance of communication" that exists between the kidneys and the lungs is requisite when managing critically ill children, in whom imbalance is the norm.
Introduction
Organ cross-talk is of particular importance to practitioners in the intensive care unit (ICU); many disease processes that affect ICU patients carry the potential to affect a number of different tissue beds. In such multiple organ dysfunction syndromes (MODS), global injury becomes augmented when dysfunction in individual organs contributes to the dysfunction of other organs via aberrant organ-organ homeostasis (i.e., cross-talk). Also, therapeutic interventions (i.e., mechanical ventilation) initiated by intensivists, targeted at specific organ dysfunction, can often carry broader consequences. In order to properly manage these complex patients, it is crucial to understand organ cross-talk in baseline health and during critical illness.
Proper individual organ function, and therefore baseline organ cross-talk, depends on appropriate oxygen metabolism. Single-or multi-organ disease is often a phenotypic manifestation of aberrant oxygen delivery at the tissue level (hypoxia) or impaired oxygen utilization (dysoxia) [1] . From applied physiology, oxygen delivery can be quantified as:
where DO 2 is oxygen delivery, CO is cardiac output, and C a O 2 is the content of oxygen in arterial blood. Broken down further: where VO 2 = oxygen consumption at the tissue bed, A-V O 2 = the arterial to venous oxygen content difference, HR = heart rate, SV = stroke volume, Hgb = hemoglobin, S p O 2 = the peripheral saturation of oxygen, and p a O 2 = partial pressure of oxygen in the arterial blood. At first glance, it would appear that the kidneys are not involved in this equation; conceivably, oxygen delivery is directly proportional only to cardiac output and to arterial oxygen content such that delivery in "organ terms" is:
Oxygen delivery % Cardiac function Ã Lung function ð3Þ
However, kidney function is a prerequisite for both cardiac and lung function. The kidney is central to oxygen delivery as it governs the following ( Fig. 1 where "∫"(integral) refers to the aggregate kidney functions listed above. It should be noted that kidney function carries a directly proportional relationship to both cardiac and lung function, meaning that if kidney function decreases, cardiac and lung function decrease in an obligatory manner. Therefore, kidney dysfunction, from a purely physiological-mathematical perspective, carries the potential to severely disrupt tissue oxygen delivery and utilization. Resuscitation targets for critically ill adults and children are typically focused on proper oxygen supply and demand at the tissue level [2, 3] . As this review will attest, AKI makes these targets more difficult to attain. The interdependence of the lungs and kidneys is highly susceptible to both critical illness and the interventions used to treat critical illness. Understanding the epidemiology and pathophysiology of AKI-acute lung injury (ALI)-in pediatric critical care is crucial to recognizing the clinical manifestations of the phenomena and to creating the most effective restorative therapies.
Epidemiology: AKI, ALI, and multi-organ disease syndrome Acute kidney injury occurs at an alarming rate; approximately 10 % of critically ill children suffer from varying degrees of AKI [4] . If "severe" AKI is defined by the need for renal replacement therapy, the estimated incidence is 1-2 % of all critically ill children [5] . In those children, the mortality rate approaches 50 % [6, 7] . For children undergoing cardiopulmonary bypass, the incidence of AKI increases (10-50 %) [8] . Additionally, recent data suggest that even in the non-critically ill pediatric population, AKI secondary to nephrotoxic medications occurs at an alarming rate [9] . Both non-oliguric and oliguric AKI carry notably increased morbidity risk, including longer duration of mechanical ventilation, hospital length of stay [10] , and mortality [11] .
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are severe disorders of pulmonary inflammation that occur in critically ill children independently or in concert with multi-organ disease. The most common etiologies are direct lung injury (as occurs with parenchymal lung infection (i.e., pneumonia) or hemorrhage) and indirect lung injury (secondary to inflammation as occurs with sepsis) [12] . In children, estimates suggest that roughly 5,000 children will suffer from ALI/ARDS yearly [13] . In published studies, mortality from ALI/ARDS in children is greater than 25 % [14] .
While not the only driver of both AKI and ALI, sepsisinduced MODS is the most common lead-point cause for both and therefore serves as the best surrogate for pediatric AKI-ALI epidemiology. Over 40,000 children in the United States suffer from sepsis each year and incur a mortality of nearly 10 %. More importantly, several studies strongly suggest that sepsis is the leading cause of pediatric mortality worldwide [15, 16] . In MODS, respiratory failure and kidney injury are associated with high rates of morbidity and mortality. Further, reversing a long-standing paradigm, a decade of epidemiological study now suggests that patients (children) are not just dying with AKI, but from AKI. For the intensivist, it is imperative to understand the mechanistic details of how the kidney is an active participant of negative inter-organ crosstalk and not just an innocent bystander.
The kidney "engine" Clinical and experimental data hint that in some forms of critical illness, kidney injury may be the primary perturbation of homeostasis that subsequently leads to remote organ dysfunction. In this view kidney injury becomes the "engine," rather than a sign of, multiple organ dysfunction (Fig. 2) . The extra-renal effects of AKI (i.e., dual organ clinical "syndromes") have experimental evidence and are based on sound theoretical constructs.
Acute kidney injury affects heart function; cardiovascular problems that occur with AKI include hypotension, decreased cardiac contractility, and cardiac arrhythmias [17] . In a model of isolated renal ischemic-reperfusion injury, rats with AKI suffered decreased left ventricular shortening fraction and increased myocardial apoptosis versus their sham cohorts [18] . The cardio-renal interaction controls extracellular fluid volume and arterial blood pressure via the renin-angiotensin feedback system, production of nitric oxide and reactive oxygen species, and regulation of the sympathetic nervous system [19] . Diminished cardiac function coupled with renal dysfunction (cardiorenal syndrome) in children is associated with prolonged hospitalization (length of stay increased from 18±25 to 33±30 days) and greater in-hospital mortality or need for mechanical circulatory support adjusted odds ratio 10.2 (95 % confidence interval; 1.7-61.2) [20] . A paucity of literature, however, indicates the current absence of firm evidence supporting causal effects of AKI on the heart. The kidney and heart likely participate in bidirectional crosstalk, but the specifics of the interaction require further investigation.
Acute kidney injury affects the hematological system. Uremia during AKI can lead to a "hemato-renal syndrome," a coagulopathy from decreased platelet-vessel wall adhesion, impaired platelet release of α-granule proteins and β-thromboglobulin, and altered blood cell rheology [21] . The kidney is connected to the hematological system through the hormone erythropoietin (epo). In a rodent model of AKI, epo transcriptional ability remained high; however, epo response to blood oxygen was reduced [22] . In patients with end-stage kidney disease, anemia may be secondary to both inhibited production of epo and from cytokine-mediated inhibition of iron transport [23] . A small clinical study of patients with AKI on hemofiltration indicated that epo levels decreased toward the end of disease [24] . Further studies examining the effects of AKI on epo production are required to bolster the argument that AKI leads to alteration of the kidney-heme interaction.
While liver function affects kidney function, AKI leading to liver dysfunction has been difficult to prove. Experimentally, ischemic models of AKI are associated with increased levels of inflammatory and apoptotic mediators in the liver [25] . Clinically, azotemia increases the risk of hepatic encephalopathy in patients with liver failure owing to the increased absorption of ammonia (NH 3 ) in the gut, failure to maintain the appropriate NH 3 /NH 4 + balance (from AKI), and resultant increases in translocation of NH 3 to the brain [26] . Hepatorenal syndrome (HRS), defined as the presence of advanced hepatic disease and kidney dysfunction absent shock, infection, or nephrotoxins carries significant morbidity in children [27] .
Acute kidney injury may carry significant consequence for proper central nervous system function. AKI can deleteriously affect neuro-renal crosstalk. Experimentally, mice subjected to ischemic kidney injury have significantly altered higher neurological executive function and increased levels of glial apoptosis than sham cohorts [28] . AKI affects cerebral blood flow and regulation of the neurotransmitters g-aminobutyric acid (GABA) and N-methyl-D-aspartate (NMDA) [29] . Guanadino compounds (e.g., creatinine) are increased in the cerebrospinal fluid of end-stage kidney disease patients and these may increase cortical excitability by acting as GABA A receptor antagonists and NMDA receptor agonists [30] . Patients with traumatic brain injury or cerebral edema with concurrent AKI are known to have worsened mortality [31] , although the mechanism for this is unclear.
Acute kidney injury negatively impacts the immune system through immuno-renal crosstalk. Altered immunological response, disrupted T-cell trafficking and loss of balance between the pro-and anti-inflammatory transcriptome after isolated AKI have been described [32, 33] . Patients with AKI are known to be at a higher risk of infection secondary to fluid overload, metabolic acidosis, malnutrition, and uremia [34] . This again may be a clinical manifestation of the kidney acting as a mediator of systemic inflammation, and AKI causing a maladaptive response to stress (i.e., infection) [35] .
Finally, AKI affects reno-pulmonary crosstalk; several immune-mediated pulmonary-renal syndromes are described (Goodpasture's disease and Wegener's granulomatosis). The remainder of this review focuses on the interactions between the kidneys and lungs, with a focus on the influence of AKI, particularly in the critically ill child.
Kidney-lung crosstalk

ALI and kidney function
Lung function influences kidney function by three distinct homeostatic mechanisms, which can be affected during Fig. 2 The kidney "engine" is involved in the homeostatic regulation of numerous extra-renal organ beds through crosstalk. Acute kidney injury can lead to numerous derangements in each organ bed, both clinically evident (cl) and experimental (e). ICP intracranial pressure ALI: gas exchange (pO 2 and pCO 2 ), inflammatory cytokine release, and cardiopulmonary interactions.
The kidney is highly sensitive to changes in oxygen tension. Under normal conditions, the combination of high oxygen consumption by the renal concentrating apparatus (especially in the loops of Henle and the proximal tubules) and relatively low total renal blood flow creates areas of the kidney that are always under the threat of hypoxic injury. Even though quantitative renal VO 2 is "low," autoregulation of renal blood flow is required for the renal parenchyma to optimize DO 2 and low O 2 tension throughout the medulla and concentrating apparatus. During ALI, however, this autoregulation is insufficient to maintain adequate oxygenation because parenchymal lung disease leads to decreased arterial oxygen content and oxygen availability. Severe hypoxemia has been demonstrated to decrease renal blood flow [36] , but the precise effects of adaptive mechanisms to hypoxia, including nitric oxide, vasopressin, prostaglandin I 2 , and several interleukins [37] , are unknown.
Carbon dioxide (pCO 2 ) is involved in the regulation of renal vascular tone. Hypercapnia affects renal blood flow directly and indirectly. Directly, hypercapnia may decrease renal blood flow by stimulating renal vasoconstriction (via norepinephrine release), although the net effects on GFR are conflicting [38, 39] . Indirectly, systemic vasodilation triggered by high pCO 2 may lower effective renal perfusion and activate the renin-angiotensin-aldosterone feedback response . Renovascular changes seen in hypercapnia are independent of changes in pO 2 [38] . The net effect of hypercapnia, seen over time in patients with long-standing lung disease, is a marked reduction in glomerular filtration (GFR) [40] .
A cardinal feature of ARDS is a complex inflammatory response leading to downstream consequences on extrapulmonary organ beds. Patients who suffer from ARDS have increased rates of AKI, and those who have both ARDS and AKI have increased mortality [41] . Proinflammatory mediators, IL-1β, IL-6, IL-8, and TNF-α, are all associated with the propagation of AKI [42] . During ALI/ARDS, the local and systemic release of inflammatory mediators can affect renal vascular tone (i.e., via release of nitric oxide) and renal cell viability (i.e., via release of caspase-3 and other pro-apoptotic agents).
Renal perfusion is reliant on cardiopulmonary interaction, which is particularly crucial in patients with ventilatory failure requiring mechanical ventilation (MV). The change from spontaneous to MV dramatically affects cardiac output and is a major contributor to the pathogenesis of AKI during ALI/ARDS. The two major mechanisms by which MV negatively affect kidney function are by a decrease in cardiac output and by stimulation of sympathetic pathways [37] . In ALI/ARDS, high ventilatory pressures required for gas exchange come at the expense of increased afterload on the heart (decreasing right ventricular output), decreased venous return, and ultimately a decreased cardiac output. The reduction in cardiac output decreases renal perfusion and leads to a decrease in GFR. This effect may be particularly significant in children with ALI/ARDS; children have less cardiac "reserve," higher chest wall compliance (requiring higher pressures to obtain adequate lung tidal volumes), and are at greater risk of intravascular fluid shifts during acute illness [43] . MV triggers counter-regulatory effects in the kidney (i.e., sympathetic stimulation and the reninangiotensin system), which further decrease filtration and kidney function via local vasoconstriction; positive end-expiratory pressure (PEEP) increases sympathetic tone, which subsequently increases renin activity. Atrial stretch during MV (from increased ventricular afterload) leads to fluid retention [44] . Although less welldocumented in pediatrics, the effects of MV-related neuro-hormonal stimulation on kidney function may be a vital connection between the lungs and kidneys.
In summary, the lungs participate in reno-pulmonary crosstalk on multiple levels. Dysregulation of gas exchange, cytokine balance, and cardiac output, resultant either from direct ALI/ARDS or the interventions instituted to treat these diseases, can have significant consequences for proper kidney function. This crosstalk is particularly important for the critically ill pediatric patient owing to both the anatomical differences in the lung (versus adults) and the relative lack of lung "reserve."
AKI and lung function: from the bedside
Lung function is regulated by the ability of the kidney to balance three distinct metabolic systems (nitrogenous waste, fluid movement, and acid-base), all of which can be negatively affected during AKI. Uremia affects gas exchange and lung mechanics. Clinical studies of adult ICU patients with uremia demonstrate a decrease in the diffusion capacity for carbon monoxide (DL CO ), a marker of pulmonary capillary function [45, 46] . Additionally, the negative effects of uremia on forced vital capacity (FVC), forced exhalation volume in 1 s (FEV 1 ), maximal breathing capacity (MBC), have been described [46] .
In the normal host, fluid movement is dependent on both hydrostatic and oncotic pressure (modeled by the Starling equation):
where P C -P T gives directionality to hydrostatic pressure and π C -π T gives directionality to oncotic pressure [47] . Under normal conditions fluid stays in the capillary lumen because P C ≃P T and π C > π T . Fluid overload leads to a large difference between hydrostatic forces and oncotic forces, leading to fluid flux from the capillary bed into the alveolar space. The capillary endothelium between the interstitium and the alveolar beds, which can usually tolerate large fluid pressure discrepancies, is compromised and alveolar edema (pulmonary edema) results [48] . The integrity of tight alveolarepithelial barriers, required for the drainage of pulmonary edema, is compromised in experimental AKI studies [49] . Data from critically ill children demonstrate a clear association between increasing fluid overload and worsened oxygenation as measured by the oxygenation index [50] and decreased ventilator-free days [51] . The prospective pediatric continuous renal replacement therapy (PP-CRRT) registry has repeatedly demonstrated that increased fluid overload (FO; fluid measured in milliliters and weight in kilograms):
at the time of RRT initiation, is associated with a marked increase in mortality in children [52] [53] [54] [55] . Although the exact degree of fluid overload needed to trigger CRRT initiation is controversial, a clinician should be vigilant about prevention of fluid overload by governing the details of "ins and outs," monitor daily %FO (using 10-20 % as a threshold to consider RRT), and consider RRT early to optimize the delivery of fluids (predominantly nutrition). The management of electrolyte and acid-base balance by the kidney, specifically the equilibrium of bicarbonate (HCO 3 − ), carbonic acid (H 2 CO 3 ), and carbon dioxide (CO 2 ), is critical to lung function. Carbonic anhydrase (CA) directly controls pH in the body via:
where H 2 0 = water and H + = hydrogen ion. Under normal conditions, when arterial pH begins to shift, compensation (buffering) occurs by both the lungs and kidneys. In response to a respiratory acidosis, the kidneys will increase bicarbonate reabsorption from the proximal and distal tubules to enhance acid buffering and prevent a shift in the equilibrium (Eq. 7) toward acidosis. Conversely, with metabolic acidosis, from decreased availability of bicarbonate, medullary chemoreceptors will trigger hyperventilation to lower the pCO 2 in the blood to prevent a shift toward acidosis. The balancing act is similar for states of alkalosis. When either the lungs or the kidneys suffer injury, the ability to maintain this crucial balance is lost and the controls over acid-base regulation/buffering become compromised.
In summary, understanding the pathophysiology of uremia, fluid movement, and acid-base balance allows intensivists to understand the effect of kidney function, and the consequence of kidney injury, on lung function.
AKI and lung function: from the bench
While the clinical effects of AKI on lung function are obvious, subtle and equally important "subclinical" effects of AKI on lung function also occur. Negative effects on lung function have been demonstrated after isolated kidney ischemia: alveolar concentrations of pro-inflammatory cytokines and chemokines (as measured in bronchoalveolar fluid) are increased [56] , macrophage-mediated pulmonary vascular permeability is increased [57] , epithelial sodium channel (ENaC) and aquaporin-5 are downregulated [49] , caspase-dependent apoptosis is upregulated [58] , and T-cell trafficking of antigen in the lungs is disrupted [33] . The combined effect of ischemic AKI is thus a lung that is "wetter," "inflamed," and potentially less able to deal with secondary injury. A dry lung is a happy lung! Owing to the microvascular nature of the pulmonary effects of experimental AKI, absent overt fluid overload (in experimental animals), a condition of nephrogenic pulmonary edema, has been proposed [59] . A natural secondary question then becomes whether the lung is "primed" for injury after ischemic AKI. Several two-hit models combining ALI and AKI have demonstrated conflicting results. In models of mechanical ventilation, mice with AKI had improvements in lung injury induced by high tidal volume ventilation versus mice without AKI [60] . Further, in aseptic ALI (hydrochloric acid), uremic neutrophils appears to decrease inflammatory mediator recruitment to the lung, thereby decreasing lung injury [61] . However, decreased neutrophil recruitment carries the risk of worsened bacterial pneumonia and a secondary lipopolysaccharide-induced ALI after antecedent ischemic AKI demonstrated augmented lung inflammation [62] .
Taken together, clinical evidence and experimental evidence demonstrate clearly how deleterious AKI can be on lung function. In children, this connection is amplified owing to several factors. As stated earlier, increased chest wall compliance in children makes positive pressure ventilation particularly challenging and potentially has a more negative impact on cardiac output (and therefore renal perfusion). Children have a higher percentage of total body water than adults-meaning that the precise fluid balance maintained between the lungs and the kidneys has even less room for error (or less tolerance to injury). The systemic inflammatory response manifest by children during multi-organ disease (of which lung and kidney are the two most commonly injured organs) is unique from the adult response in the following ways: maturation of cells responsible for immune mediation, expression and chemokine receptor sensitivity, and the propagation of the pro-and anti-inflammatory response. The intensivist must be mindful of the myriad consequences of AKI, from the subtle to the obvious, on lung function.
Therapeutics of AKI: ameliorating crosstalk with the lung
Unfortunately, no specific single therapy currently exists for AKI. Intensivists are therefore left to deal with facets of AKI management that can limit the extent of injury, particularly the characteristics of AKI that have a negative impact on lung function. The four mainstays of therapy for AKI in this regard are: early diagnosis, limitation of ventilation-induced kidney injury, regulation of the acid-base balance, and limitation of fluid overload.
Research investigating early and real-time diagnosis of AKI is biomarker-based. Unfortunately for clinicians, most patients do not have a time zero injury (deviating from animal models) and are also quite heterogeneous (the typical MODs patient) and thus the applicability of a new AKI biomarker(s) (derived in homogeneous models) may be quite limited. The construct of renal angina attempts to risk-stratify patients to optimize biomarker testing. Akin to the clinical signs and risk factors that optimize the performance of Troponin-I measurements in the diagnosis of a myocardial infarction (MI), renal angina risk stratifies patients for AKI based on epidemiologically proven risk factors with early and subtle clinical signs [63] [64] [65] . Simply stated, since AKI does not "hurt" like an MI typically does, renal angina is a methodology to identify patients (like changes on the electrocardiogram of obese smokers is for heart disease); thus, a clinician can utilize biomarkers with the highest yield (troponins are also useless in patients without acute coronary syndrome) [66] .
Intensivists should be judicious about the effects of mechanical ventilation on cardiac output. Understanding the effects of mechanical ventilation on venous return and ventricular afterload will allow intensivists to simultaneously limit ventilator-associated barotrauma and optimize cardiac output (and thus renal perfusion). Pediatric intensivists should be especially mindful of the effects of chest wall compliance differences by age, the effects of chest wall inertia (increased with fluid accumulation and subcutaneous edema), and the effects of the unique features of pediatric airway resistance on the pressure delivery requirements for invasive mechanical ventilation.
Intensivists should vigilantly monitor electrolyte balance. As the kidney and lung balance alkalemia and acidemia, Fig. 3 Acute kidney injury (AKI) significantly affects kidney-lung crosstalk. Through numerous mechanisms, both clinically manifest and subtle, AKI leads to aberrant kidney-lung homeostasis. DL CO diffusion limitation of carbon monoxide-a marker of alveolar gas exchange capability, FVC forced vital capacity, FEV 1 forced exhaled volume in 1 s physiological states (shock), which can lead to a large acid load should be treated aggressively to prevent both pulmonary and renovascular constriction and the triggering of "compensatory" mechanisms, which often make the problem worse (i.e., sympathetic stimulation on renal vasculature). Similarly, the removal of all non-essential nephrotoxins and adjustment of all renally cleared medications in patients with AKI limits the aggregate effects of renal parenchymal injury. Adjustments based on fluid and weight are particularly important in children whose total body volume and water/fat composition are quite variable compared with adults.
Finally, intensivists are becoming increasingly cognizant of the deleterious effects of fluid overload. During oliguric AKI, the PPCRRT registry has demonstrated repeatedly in retrospective studies that higher fluid overload at time of CRRT initiation is associated with increased length of stay, increased duration of mechanical ventilation, and increased mortality. For intensivists, it is important to understand that there are pulmonary bed regulatory mechanisms in place to handle fluid (Starling mechanism), but that these mechanisms can be overwhelmed by not only excessive fluid but also the inflammatory mediators associated with AKI. Again, in pediatrics, it is paramount for the intensivist to understand that fluid is a drug-prescribed, dosed, and delivered like all other medications-and that it is possible to overdose! No other evidence of kidney-lung crosstalk is more explicit than the effects on the lung of oliguric AKI.
Conclusions
The crosstalk that occurs between the kidney and lung in a normal host is under precise control. The mechanisms responsible for this control are vulnerable to disruption during AKI, carrying significant consequences (Fig. 3) . It is imperative for the intensivist, especially the pediatric intensivist, to have a proper understanding of the pathophysiology of not only AKI, but also the multiple connections that can cause harmful kidney-lung crosstalk during illness.
